The stable configurations of non-rotating and rotating hybrid stars composed of colour superconducting quark matter core are constructed using several equations of state (EOSs). We use a set of diverse EOSs for the nuclear matter which represents the low density phase. The EOSs at higher densities correspond to the quark matter in the colour superconducting phase and are computed within the NJL-like model for different values of the scalar diquark and vector current couplings strengths. The phase transition to the quark matter is computed by a Maxwell construction. We find that the stability of the hybrid stars are mainly governed by the behaviour of the EOSs for the colour superconducting quark matter. However the compositions of hybrid star are sensitive to the EOS of the nuclear matter. The value of the critical rotation frequency for the hybrid star depends strongly on the EOS of the nuclear matter as well as that for the colour superconducting quark matter. Our results indicate that the EOS for the colour superconducting quark matter can be obtained, by adjusting the parameters of the NJL model, to yield the stable configurations of the hybrid star having the maximum mass ∼ 1.5M ⊙ in the non-rotating limit and the critical rotation frequency ∼ 1 kHz.
I. INTRODUCTION
The present knowledge of quantum chromodynamics (QCD) suggests that quark matter might be in different color superconducting phases at high densities. Thus, one expects the core of the hybrid stars to be composed of color superconducting quark matter (CSQM) surrounded by a nuclear mantle. The possible CSQM phases are the two-flavor color superconductor (2SC) [1] [2] [3] , the colour flavour locked (CFL) phase [4, 5] , and crystalline color superconductor (CCS) [6, 7] .
The speculation that the CSQM exists in the core of the hybrid stars has triggered many theoretical investigations both on the modeling of the equation of state (EOS) of quark matter and on the phenomenological signatures of the presence of quark matter in the compact stars [8] .
The nuclear matter phase of the hybrid star is described by the various models which can be broadly grouped into (i) non-relativistic potential models [9] , (ii) non-relativistic mean-field models [10] [11] [12] [13] , (iii) field theoretical based relativistic mean-field models [14] [15] [16] and (iv) DiracBrueckner-Hartree-Fock model [17] [18] [19] [20] . The quark matter in the colour superconducting phases are usually described either within the MIT bag model or using a more realistic NJL-like model.
The studies based on the MIT bag model indicate the existence of stable configurations of hybrid stars with the CFL quark matter core [21] [22] [23] [24] . Further, the MIT bag model predicts the absence of the 2SC colour superconducting phase in the hybrid stars [25] . The scenario is some what different when NJL model is employed to study the hybrid stars with CSQM core. The stable configurations of hybrid stars with 2SC quark matter core are possible within the NJL model [26] [27] [28] [29] . However, earlier investigations [30] [31] [32] based on the NJL model ruled out the possibility of CFL quark matter at the core of the hybrid stars, because, it rendered the hybrid star unstable.
Only very recently [33, 34] , it has been demonstrated that inclusion of the six-fermion interaction term together with large enough values of the scalar diquark coupling strength in the NJL model can yield stable configurations of the hybrid star containing 2SC or CFL quark matter core. The NJL model is also applied to study the possibility of existence of the CCS quark matter phase in the hybrid stars [35, 36] .
The stability and the structure of the non-rotating hybrid stars are quite sensitive to the choice of the EOS of the nuclear matter and the quark matter [21, 37] . Further, one often finds that even though the stable configurations of the non-rotating hybrid star for a given EOS belong to the third family of compact stars, but, the maximum rotation frequency upto which these hybrid stars are stable is much lower than the corresponding mass-shedding (Keplerian) frequency [38, 39] .
The EOSs for the quark matter in the unpaired or in the various colour superconducting phases employed in these investigations were obtained within the MIT bag model. Recently [40] , a more realistic EOS for the unpaired quark matter computed within the NJL model is used to show that the maximum mass of the non-rotating hybrid stars depends sensitively on the choice of the EOS of the nuclear matter. It is necessary to construct stable configurations of the non-rotating and rotating hybrid stars using realistic EOSs for the nuclear matter and for the quark matter in the colour superconducting phases.
In the present work, we compute several EOSs and use them to study the properties of the nonrotating and rotating hybrid stars composed of CSQM core. The lower density part of these EOSs correspond to the nuclear matter and are based on the variational and mean-field approaches. Our set of EOSs for the nuclear matter around the saturation density (ρ 0 = 0.16 fm The paper is organized as follows, in Sec. II we describe , in brief, the models employed to construct the EOSs for nuclear matter and the CSQM. In Sec. III we present the results for the equilibrium sequences for non-rotating and rotating hybrid stars. In Sec. IV we state our conclusions.
II. EQUATIONS OF STATE
We compute the EOSs which correspond to the nuclear matter at lower densities and CSQM in the 2SC or CFL phases at higher densities. The EOS at intermediate densities are obtained using a Maxwell construction. For nuclear matter in the β equilibrium, we employ a set of diverse EOSs which are obtained using various approaches, like, variational, non-relativistic mean field (NRMF) and relativistic mean field (RMF). In Fig. 1 we plot various nuclear matter EOSs. The low density behaviour these EOSs are very much similar as they are constrained by the bulk properties of the finite nuclei. But, their behaviour at higher densities are so different that the resulting neutron star properties are at variance. In Table I , we list some key properties of the non-rotating neutron stars obtained using these nuclear matter EOSs. It can be seen from ), and for the colour charge matrices
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where, σ u,d,s are the quark-antiquark condensates and ∆ c are the three diquark condensates. The values of σ i and ∆ c are determined using,
In Eq. (2) ω 0 is the mean field expectation value for isoscalar vector like meson ω given as [32] 
This field modifies also the chemical potentials:
The ǫ i are the dispersion relations computed by following the Ref. [3] . The ǫ i depend explicitly on the values of current quark masses, quark-antiquark and diquark condensates and various chemical potentials appearing in Eq. (1). The P e = µ 4 e /(12π 2 ) is the contribution to the pressure from the electrons. The constant B is so determined that the pressure vanishes at zero density and temperature. In addition to the Eqs. (3) and (4), the pressure must satisfy,
so that local electric and colour charge neutrality conditions are met. Once, the pressure as a function of quark chemical potential is known, quark matter EOS can be easily computed.
The model parameters, the current quark masses m u,d,s , quark-antiquark coupling G S , the strength K of the six fermion or "t Hooft" interaction and the cutoff parameter Λ are taken to be [41] , The value of B for this set of parameters is (425.4MeV) 4 . There are two more parameters, the diquark coupling strength G D and the vector current coupling strength G V , which are not known.
One expects that the diquark coupling has a similar strength as the quark-antiquark coupling. We
In the 2SC phase, pairing occurs only between the u and d quarks and the s quarks remain The phase transition to the quark matter is computed by a Maxwell construction.
III. HYBRID STARS WITH CSQM CORE
We construct the equilibrium sequences of the non-rotating and rotating compact stars using the 
where, M is the gravitational mass of the non-rotating compact star. The equilibrium sequences for the non-rotating compact stars resulting from our EOSs are plotted as mass versus radius in These values of G D and G V , for which the stable configurations of the hybrid star exist, are very much similar to the ones found in Ref. [33] . It appears that the stability of the hybrid stars with CSQM core depends solely on the choice of the EOS for the CSQM. However, the composition of the hybrid stars depend on the behaviour of the nuclear matter EOS. For instance, in case of the TM1 and the NL3 EOSs of the nuclear matter, the core of the hybrid stars are composed of CSQM which is either in 2SC phase or in the CFL phase. In the later case, CFL quark matter core is surrounded by a layer of 2SC quark matter with the outer layer composed of nuclear matter .
The thickness of the 2SC quark matter at the maximum hybrid star mass is around 0.5 − 0.7km and its mass is ∼ 0.1M ⊙ . On the other hand, no 2SC quark matter appears in the stable configurations of the hybrid star constructed using the EOSs for which the nuclear matter part correspond to the APR and SLY4.
The equilibrium sequences for the hybrid stars rotating with fixed rotation frequency f are constructed. As an illustration, in Fig. 6 , we plot mass verses circumferential equatorial radius R eq at fixed values of the rotational frequency obtained for two different EOSs. For the clarity, we mainly focus on the regions of the M − R eq curves corresponding to the sequences of the hybrid stars which are relevant in the present context. We see that beyond certain frequency, so-called the critical rotation frequency f crit , the stable configuration for the rotating hybrid star does not exist.
The solid black lines in Fig. 6 represent the result obtained at the f = f crit . In Fig. 7 we plot the values for the f crit (left panel) calculated for the cases for which the stable configurations for the non-rotating hybrid star exist. It is evident that the values of f crit are quite sensitive to the choice of the EOS for the nuclear matter as well as the CSQM. Depending on the EOSs, f crit varies in the range of 350 − 1275 Hz. We also plot in Fig. 7 (right panel) the maximum mass M max for the non-rotating hybrid stars with CSQM core. It is interesting to note from this Fig. that the values of G D and G V for a given nuclear matter EOS can be so adjusted that the resulting hybrid star has (a) the maximum mass in the non-rotating limit larger than 1.44M ⊙ which is the most accurately measured value for the maximum mass of a compact star [43] and (b) the maximum allowed rotation frequency is larger than the current observational limit of 716 Hz [44] .
In Fig. 8 we show the correlations between the values of the f crit for the hybrid stars and the radius R 1.4 for the neutron star with the canonical mass. We see that f crit is large if value of R 1.4 is also large. Thus, hybrid star constructed for a given EOS for the CSQM can rotate faster if the EOS for the nuclear matter is stiffer. The existence of the correlations between the values of f crit and R 1.4 may be due to the fact that the pressure at which the nuclear to the quark matter transition occurs is closer to the values of P 
IV. CONCLUSIONS
The stability of non-rotating and rotating hybrid stars, composed of the colour superconducting quark matter core surrounded by a nuclear mantle, is studied by using several EOSs. The EOSs for the nuclear matter, employed at lower densities, are based on the variational and the mean field approaches. We use a diverse set of nuclear matter EOSs such that the resulting maximum neutron star mass lie in the range of 2.2 − 2.8M ⊙ and the radius at the canonical neutron star mass vary between 11.3 − 14.8km. The EOSs at higher densities corresponding to the colour superconducting quark matter in the 2SC or the CFL phase, are calculated within the NJL model using different values of coupling strengths for the scalar diquark and isoscaler vector terms. The EOS at intermediate densities are obtained using a Maxwell construction.
We find that the stability of the non-rotating hybrid stars is very much sensitive to the EOSs for the colour superconducting quark matter and almost independent of the choice for the EOS for the nuclear matter. The stable configurations of the hybrid stars exist only for the large enough value for the scalar diquark coupling strength. Though, the stability of the hybrid stars are not sensitive to the choice of the EOSs for the nuclear matter, but, compositions of the hybrid stars are at variance for these EOSs. If the EOS for the nuclear matter is stiff, core of the hybrid star is composed of colour superconducting quark matter which is either in the 2SC or the CFL phase.
In the later case, CFL quark matter core is surrounded by a thin layer of the 2SC quark matter and the outer layer composed of nuclear matter .
The stability of the rotating hybrid star is sensitive to the choice of the EOS for the nuclear matter as well as that for the colour superconducting quark matter. In particular, we find that the values of the critical rotation frequency vary from about 350 Hz to 1275 Hz depending upon the choice of the EOSs for the nuclear matter and the colour superconducting quark matter. Our results also indicate that the EOSs for the colour superconducting quark matter obtained within the NJL model may be adjusted for the various nuclear matter EOSs in such a way that it yields (a) the maximum mass in the non-rotating limit larger than 1.44M ⊙ which is the most accurately measured value for the maximum mass of a compact star and (b) the maximum allowed rotation frequency is larger than the current observational limit of 716 Hz.
Finally, we would like to mention that our present study can be extended in several ways. The quark matter in the crystalline color superconducting phase, expected to appear at the intermediate densities, should also be considered. One might also include the contributions from the hyperons which would soften the hadronic EOS. The phase transition from hadron to the quark matter should proceed via mixed phase which can be constructed using the Gibbs conditions. a This EOS is obtained using one of the several parameter sets of the extended RMF model given in our earlier work [48] . Each of these parameterizations corresponds to different values of the strength ζ for the ω -meson self-coupling term and neutron-skin thickness ∆r in 208 Pb nucleus. The remaining parameters of the models were calibrated to yield reasonable fit to the bulk nuclear observables and nuclear matter incompressibility coefficient. In the present work we use the parameter set with ζ = 0.03 and ∆r = 0.2fm which will be referred henceforth as BSR10. Table I. 
